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ABSTRACT
Plastic is pervasive in modern economies and ecosystems. Early research suggests freshwater
fish commonly ingest microplastic (particles < 5 mm), which may influence fish digestive
tissues, but no studies have examined historical patterns in microplastic consumption or rates of
microplastic retention in fish. We measured microplastic in digestive tissue of specimens
collected and preserved over the last century (Field Museum, Chicago). We selected Micropterus
salmoides (largemouth bass), Notropis stramineus (sand shiner), Ictalurus punctatus (channel
catfish), and Neogobius melanostomus (round goby) because each was well represented in the
museum collection, with specimens from urban rivers. Specimens from 1900-2018 showed
increases in microplastic concentration from the 1950's to present. In a second project, we
collected round gobies from Lake Michigan in Chicago to conduct feeding experiments to
measure microplastic ingestion and retention rates. The majority of microplastic was excreted
within 72 hours of ingestion. Results will aid in understanding ecological interactions of
microplastic and freshwater fish, informing further work on the movement of microplastic in
aquatic food webs.
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CHAPTER I
INTRODUCTION
Plastic litter in the environment
Plastic is a ubiquitous feature of modern economies and ecosystems, and global use of
plastic is over 240 million tons annually (Browne et al. 2014). The high rates of plastic
production are mirrored by increasing rates of plastic waste production (Geyer et al. 2017).
Plastic waste has 4 fates: recycling, incineration, landfill, and litter. Out of all the plastic
produced since 1950, only 9% has been recycled and 12% incinerated. Approximately 60% of all
plastic created since the beginning of plastic production has been discarded in landfills or the
environment, including 600 million metric tons of synthetic textiles such as polyester and acrylic
(Geyer et al. 2017).
Plastic production has been ongoing since the 1950's. The first form of plastic, called
Bakelite, was invented in the early 20th century, but plastic production was industrialized in the
1950s (Jambeck et al. 2015, Geyer et al. 2017). The industrialization of plastic facilitated a shift
from reusable materials to single-use products in the global economy (Worm et al. 2017). The
most commonly produced plastic polymer types include polyethylene, low-density polyethylene
(LDPE), high-density polyethylene (HDPE), polyvinyl chloride (PVC), polyurethane,
polyethylene terephthalate (PET), and polystyrene (Rochman et al. 2019). The wide diversity of
plastic polymer types are manufactured for different uses. For example, PET is commonly used
to manufacture plastic water bottles, and LDPE is mostly used to produce single-use plastic bags
1
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(Rochman et al. 2019). In 2015, the total amount of plastic waste generated since 1950 was 6300
million metric tons (Mt), and it is expected to be 34000 Mt by 2050 (Figure 2). Except for the
12% of plastic that has been incinerated, the remainder of the 6300 Mt of plastic waste produced
from 1950 – 2015 still exists somewhere and in some form on Earth (Geyer et al. 2017).
The increase in plastic production is directly related to the increase in plastic litter and
microplastic concentration in freshwater and marine ecosystems (Andrady 2011, Law et al.
2014). Plastic litter is an abundant and increasing pollutant in global aquatic habitats, and is
pervasive to all parts of the world, including urban areas, the deep ocean, polar regions, and
isolated islands (Barnes et al. 2018, McNeish et al. 2018, Windsor et al. 2019). Plastic litter
accounts for over 60% of all floating debris in marine environments (Gewert et al. 2015). For
example, Gewert et al. (2017) found plastic particles made of polypropylene, polyethylene, and
polystyrene polymers at sites near harbors and wastewater treatment plants (WWTPs) in
Stockholm. The surface waters of the North Pacific Ocean gyre, have approximately 334,271
pieces of plastic per km2, and includes fragments, foam, pellets, plastic film, and polypropylene
(Moore et al. 2001). Plastic debris has also been found in shoreline strandings (beaches), sea
surface water, water column, sediment, and food webs (zooplanktons, mid-trophic fish, and
seabirds) at protected and remote South Atlantic sites (Barnes et al. 2018).
Research on plastic litter began in marine environments, largely due to conspicuous
accumulations of litter in the open ocean gyres and on coastlines. Accordingly, most research on
plastic litter has focused on quantifying plastic debris characteristics including standing stock
and composition of plastic litter 'communities' in different marine habitats (Moore et al. 2001,
Gewert et al. 2015, Gewert et al. 2017, Barnes et al. 2018). Although fewer in number, other

3
studies have attempted to document the change in plastic litter concentration in marine
environments over time. For example, from 2001 – 2012, Law et al. (2014) used plankton net
tows to quantify plastic debris in the eastern North and South Pacific Oceans, and found plastic
concentration was significantly higher in recent years (2007 – 2011) compared to 2002 – 2006.
Measurements of plastic litter abundance are characterized by high variability that is associated
with local wind-forced currents, water column stratification patterns, and water temperature and
salinity (Law et al. 2014). The high variability complicates attempts to generate budgets and
models of plastic in the ocean and in other ecosystems. As the field of study advances, a growing
consensus suggests that research on plastic litter dynamics requires an expanded consideration of
density and transport across all types of ecosystems, including terrestrial, atmospheric, marine,
and freshwater ecosystems (Hoellein et al. 2014, Eerkes-Medrano et al. 2015).
Estimates suggest that up to 80% of the plastic waste which enters oceans originates in
rivers. However, less research on litter dynamics within freshwaters has been conducted,
compared to marine ecosystems. Plastic retention, transformation, and biological interactions
that occurs in rivers is a critical and potentially overlooked component of global dynamics of
plastic litter ecology (Hoellein et al. 2014, Windsor et al. 2019). Plastic litter can enter
freshwater ecosystems through many avenues, including: improper waste disposal, WWTP
effluent, storm-water runoff, agricultural applications, and aerial deposition (McCormick et el.
2016, Dris et al. 2018, McNeish et al. 2018, Hoellein et al. 2019). The breakdown of larger
plastic litter and textiles in the environment create microplastics (particles < 5 mm). In addition,
some microplastic pollution is caused by items that are manufactured as small plastic pieces,
including abrasive beads and nurdles (i.e., disks used in plastic manufacturing; Gewert et al.

4
2015). Like large plastic litter, microplastic is pervasive in aquatic ecosystems and is a
heterogeneous mixture of material types and sizes of different origins (Rochman et al. 2019).
Plastic litter is continuously moved, retained, and interacts with many different species of aquatic
biota (Hoellein et al. 2014, McCormick et al. 2016, McNeish et al. 2018).
Microplastic interacts with organisms across multiple trophic levels in all aquatic
ecosystems. Organismal interactions are a concern because microplastic in the environment can
harbor bacteria and chemicals that can potentially lead to adverse health effects (Rochman et al.
2013, Wright et al. 2017). For example, microplastics are novel substrates for microbial biofilms,
and relative to natural particles (i.e., seston), microplastic can support greater colonization of
bacterial families associated with human diseases and intestinal tracts (McCormick et al. 2014,
Hoellein et al. 2017). Humans commonly consume shrimp, mussels, crabs, and fish that contain
plastic particles. For example, shellfish consumers in Europe and Asia ingest 11,000 – 100,000
microplastics per year (Wright et al. 2017). Microplastics ingested by humans and other
organisms often have additives and persistent organic pollutants (POPs) sorbed to the surface,
such as bisphenol A, phthalates, polychlorinated biphenyls (PCB),
dichlorodiphenyltrichloroethane (DDT), and polycyclic aromatic hydrocarbons (PAH) (Gewert
et al. 2015), which have various physiological implications (e.g., effects on immune, endocrine,
reproductive processes (Verhaert et al. 2013).
While organisms have likely been exposed to plastic pollution for many decades, the
research on plastic pollution has largely been conducted only in the last 10-15 years. Therefore,
the historical patterns of microplastic exposure are unknown. Measuring historical patterns can
help us understand how environmental microplastic concentrations and microplastic ingestion by
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organisms have changed, due to changes in plastic production abundance and types over time.
There are a few studies that have documented the change in microplastic concentration over time
in the environment by using preserved specimens (Beer et al. 2017, Courtene-Jones et al. 2019),
with equivocal results. For example, Courtene-Jones et al. (2019) found that microplastic
concentration in deep-sea invertebrates did not increase significantly from the 1970’s to 2015.
Beer et al. (2018) studied saltwater fish collected from 1980’s – 2010’s and found there were no
significant differences in microplastic concentration over time. However, none have used
historical freshwater specimens, or considered using organisms as indicators of microplastic
concentrations. Therefore, it is unknown how microplastic concentration patterns have changed
in freshwater ecosystems since the industrialization of plastic. Because freshwater fish consume
microplastics (Horton et al. 2018, McNeish et al. 2018), fish specimens (historical and current)
can potentially be used as indicators of microplastic concentrations of the environment from the
ecosystem they were collected from, at the time of collection. No previous research has
attempted to quantify these patterns.
Effects of microplastic ingestion on fish
Microplastic can trigger lethal and sub-lethal effects in aquatic organisms (Rochman et
al. 2013). Polyester and acrylic fibers, the most common types of microplastic ingested by fish
(Cole et al. 2016), can aggregate and block the digestive organs (Lusher et al. 2013). Sub-lethal
effects of microplastic include the leaching of chemicals, such as polybrominated diphenyls
(flame-retardant) or desorption of PCBs (Rochman et al. 2013). Delivery of leached or desorbed
chemicals from plastics across the gut wall enhance possible bioaccumulation of toxic
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compounds in food webs (Rochman et al. 2013). Fish consuming plastics for a long period of
time also exhibit structural and functional damage to the intestine (Peda et al. 2016).
Previous research on microplastic ecology in freshwaters suggests ingestion of
microplastic by fish is widespread across species (McNeish et al. 2018). However, the
relationship between abundance of microplastic pollution in the environment and rates of
consumption by fish is not clear. In addition, few studies have examined how microplastic moves
through fishes' digestive system (Grigorakis et al. 2017). Research on the transport rate and fate
of consumed microplastics and the effects of microplastic exposure through ingestion are
needed. These projects are important to understand if fish are indicators of microplastic pollution
levels at the time of their capture, or if they accumulate microplastic over long time periods
following exposure. This will be important when interpreting patterns of microplastic abundance
in historical fish specimens. To understand how much microplastic is retained by fish and for
how long, we must conduct microplastic feeding experiments using fish, and track plastic
particles movement through their digestive systems.
Thesis objectives
My thesis covers two research projects examining the ecological dynamics of
microplastic retention in freshwater fish: 1) We used museum specimens to examine microplastic
in preserved fish, collected from 1900 – 2018, and 2) We used aquaria microplastic feeding
experiments to quantify rates of microplastic retention within fish digestive tissues relative to
how much is ingested. Results from these projects will inform our collective understanding
regarding abundance and movement of microplastic in freshwater food webs.

Fig 1. The amount of different primary plastic types produced from 1950 - 2015 in million metric tons (Mt).
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Fig 2. Amount of plastic waste generation and disposal from 1950 – 2015 in million metric tons. Dotted lines indicate
projected values.
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CHAPTER II
MICROPLASTIC IN HISTORICAL FISH SPECIMENS (1900 – 2018)
Introduction
Plastic production has been underway for over 100 years. The first form of plastic, called
Bakelite, was invented in the early 20th century, but plastic production was industrialized in the
1950s (Jambeck et al. 2015, Geyer et al. 2017). The industrialization of plastic facilitated a shift
from reusable materials to single-use products in the global economy (Worm et al. 2017). The
most commonly produced plastic polymer types include polyethylene, low-density polyethylene
(LDPE), high-density polyethylene (HDPE), polyvinyl chloride (PVC), polyurethane,
polyethylene terephthalate (PET), and polystyrene (Rochman et al. 2019). The wide diversity of
plastic polymer types are manufactured for different uses. For example, PET is commonly used
to manufacture plastic water bottles, and LDPE is mostly used to produce single-use plastic bags
(Rochman et al. 2019). In 2015, the total amount of plastic waste generated since 1950 was 6300
million metric tons (Mt), and it is expected to be 34000 Mt by 2050. Of the 6300 Mt of plastic
waste produced from 1950 – 2015, about 60% (4900 Mt) was discarded in landfills and the
environment (Geyer et al. 2017).
Plastic pollution is pervasive to all parts of the world and is found in a variety of sizes
(Rochman et al. 2019). Plastic pollution has been documented in oceans (Eriksen et al. 2014,
Gewert et al. 2017), freshwaters (Rech et al. 2015, McCormick et al. 2016), terrestrial

9
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environments, and in the atmosphere (Dris et al. 2018). Plastic litter is common both in urban
places near its source, and locations far removed from human habitation (Dris et al. 2015, Barnes
et al. 2018). Plastic litter in the environment is often classified by size class, including
macroplastic (>200 mm), mesoplastic (5-200 mm), and microplastic (<5 mm) (Eriksen et al.
2014). Although, size class definitions are still a topic of consideration in the literature
(Hartmann et al. 2019). Major sources of plastic litter to the aquatic environments include
wastewater treatment plant (WWTP) effluent, street runoff, and dumping (Jambeck et al. 2015,
Gewert et al. 2017). In addition, larger plastic items can fragment into smaller pieces via
biodegradation and abiotic degradation and be released as microplastic contaminants (Gewert et
al. 2015).
Microplastics are common in consumer goods such as seafood, sparking concerns about
the physiological effects of microplastic ingestion on aquatic organisms (Rochman et al. 2015,
Wright et al. 2017). Microplastics have also been found in the gastrointestinal tracts of wild and
farm-raised fish, and in mussels worldwide, including China, Canada, and Belgium (Wright et al.
2017). Ingestion of microplastic can sustain hepatic stress and loss of digestive function in fish
(Peda et al. 2016, Rochman et al. 2013), and histological and inflammatory response changes in
mussels (Moos et al. 2012). However, there are also studies that show microplastic exposure
have no effect on the physiology and overall health of some aquatic organisms. Critchell et al.
(2018) found that the growth rate, body condition, and behavior of planktivorous fish are not
impacted at low levels of microplastic concentration exposure. Exposure to environmentally
relevant microplastic concentrations do not influence the sea snails (Crepidula onyx) growth
rates (Lo et al. 2017). Overall, more studies are needed to understand the physiological effects of
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microplastic, including research which examines a broad variety of organisms and compares the
rates of microplastic ingestion relative to microplastic concentrations in the environment (Lo et
al. 2017).
Research on the physiological outcomes of microplastic exposure has been underway for
approximately 10-15 years, but microplastic has been an increasing component of aquatic
ecosystems since its industrialization in the mid-1900s. Organisms have most likely been
consuming microplastic for many decades, but the magnitude of exposure over that time is not
well understood. A few studies have examined historical patterns of microplastic and found
equivocal results. Courtene-Jones et al. (2019) found that microplastic concentration in deep-sea
invertebrates did not increase significantly from the 1970’s to 2015. Beer et al. (2018) studied
saltwater fish collected from 1980’s – 2010’s and found there were no significant differences in
microplastic concentration over time. However, no previous studies have examined historical
patterns of microplastic ingestion in freshwater fish, or included specimens from decades before
and after the industrialization of plastic. It is important to understand how the patterns of
microplastic concentration has changed in freshwater fish because they are critical for healthy
food webs, are an important food source for commercial and recreational fisheries at a global
scale (McIntyre et al. 2016, Wright et al. 2017), and measuring historical patterns will be critical
for predicting future trends.
For this study, we measured the microplastic concentration in four common freshwater
fish species collected from 1900 – 2018 in urban aquatic ecosystems in Chicago, IL, USA. We
expected microplastic concentration in fish to increase after 1950, following the mass
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industrialization of plastic. We expected similar patterns among all species, and that the diversity
of polymer types in the fish would increase over time.
Methods
Historical specimen selection
We selected study organisms from historical fish specimens collected during 1900 – 2010
and housed at The Field Museum in Chicago, Illinois, USA. Using the database of the entire
museum collection, we first searched for fish species from the region that met the following
criteria: 1) we could dissect and examine 5 specimens per species from most decades (1900 –
2010), and 2) all specimens of the same species were collected in the same or closely adjacent
water bodies. Relatively few species met these selection filters. In fact, no species had specimens
from every decade since 1900, so we selected for those with the oldest and most complete record
over the entire study period. Our final data set for museum specimens consisted of sand shiner
(Notropis stramineus) collected at Hickory Creek (n = 23), largemouth bass (Micropterus
salmoides) collected at Brewster Creek and Fox River (n = 34), and channel catfish (Ictalurus
punctatus) collected at the Illinois River (n = 18). In addition, we added round goby (Neogobius
melanostomus) collected at Lake Michigan, Calumet Park (n = 18). Round gobies are invasive in
Lake Michigan, so only appeared in the local collection records starting in 1994. We included
this fish because it is well represented in the museum collection and is an ecologically important
local taxon.
Contemporary fish, water, and sediment collection
In 2018, we collected contemporary samples for microplastic that matched the historical
collection sites: Brewster Creek (Brewster), Hickory Creek (Hickory), and the shoreline of Lake
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Michigan at Calumet Park (Calumet). These sites were selected because the historical museum
samples of largemouth bass, sand shiner, and round goby were collected from Brewster,
Hickory, and Calumet, respectively. We did not collect channel catfish in 2018 because the
museum samples included catfish from 2010. Brewster Creek is a tributary of the Fox River and
one of the historical sampling sites for the bass was the Brewster Creek Forest Preserve
(41°58'17.0"N 88°16'44.5"W) (Division of Fisheries 1998). Hickory Creek is a tributary of the
Des Plaines River (Greenberg 2017), which we sampled at the Hickory Creek Forest Preserve
(41°30'58.1"N 87°52'37.4"W). Finally, we collected samples at the Lake Michigan break wall in
Calumet Park (41°43'19.9"N 87°31'28.3"W) on the Illinois-Indiana border. The sites at Hickory
Creek and Calumet Park matched the exact sites of historical specimen collection.
We collected fish, water, and sediment samples at all three sites in late summer and early
fall. Sand shiner (n = 6) and largemouth bass (n = 6) were collected from Hickory and Brewster
Creeks, respectively, using wading seine nets (McNeish et al. 2018). Round gobies (n = 17) were
collected from Calumet Park using fishing rods and earthworms (Lumbricus terrestris). All
collected fish were identified on-site, and only species of interest were euthanized using MS-222
(Tricaine-S; 0.25 g L-1) and preserved in 70% ethanol (McNeish et al. 2018). Fish capture and
euthanasia were conducted following protocol approvals from Loyola University Chicago’s
Institutional Animal Care and Use Committee.
Water and sediment samples were collected from Hickory, Brewster, and Calumet,
upstream from where the fish were collected. Hickory and Brewster Creeks were wadeable
streams (depth = approximately 0.30 m) which made water and sediment collection relatively
straightforward. Water column samples from Hickory and Brewster were collected directly in 2
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L glass bottles (n = 2 bottles per site) that were acid-washed and thoroughly rinsed with filtered
DI water in the laboratory (McNeish et al. 2018). Bottles were uncapped, filled, and recapped,
while completely submerged under water, to avoid air bubbles and atmospheric microplastic
contamination. Sediment samples, consisting of mainly organic material were collected (n = 2
containers per site) from the left and right side of the streambed using 100 mL specimen
containers rinsed with filtered DI water before use. Specimen containers were uncapped and
recapped, under water. The collection site at Calumet Park was a sea wall adjacent to Lake
Michigan (depth = approximately 3.3 m) and required additional equipment for sampling. Water
samples (n = 2 bottles) from Calumet were collected using a carefully cleaned 2.2 L horizontal
Van Dorn Sampler (Wildco, Alpha, Yulee, FL, USA), and stored in 2 L glass bottles until
analysis. We used a standard 15 x 15 x15 cm Ekman Grab (Wildco, Model 196 B12) to collect
sediment samples (n = 2 containers). The majority of sediment from Lake Michigan, Calumet
Park, consisted of gravel and fine particles. All materials collected in the Ekman Grab were
transferred into 160 mL sterile specimen containers. To prevent sample loss, we rinsed the inside
of the bottom of the Ekman Grab with filtered DI water into the 160 mL sterile specimen
containers. Immediately following collection, fish, bulk water, and sediment samples were
transferred to the laboratory for storage until microplastic processing.
Sample preparation and microplastic quantification
Museum specimens and fish collected in 2018 were processed in an identical fashion for
microplastic analyses (McNeish et al. 2018). First, we measured the length (cm) from the mouth
to caudal fin, and mass (g) of all fish samples (Lusher et al. 2013). We then rinsed the outside of
each fish with filtered DI water and placed the fish on a pre-cleaned and rinsed white enamel pan
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for dissection. We pre-cleaned all scalpels and forceps with filtered DI water and 70% ethanol.
We used scalpels to cut the fish from the urogenital opening to the esophagus. We removed the
entire digestive tract with forceps and placed tissue into acid-washed and DI rinsed glass jars
labeled with the species name, decade, sample number, and dissection date. We also rinsed the
inside stomach cavity of the dissected fish and scalpel with DI water, into the sample jar.
Scalpels, forceps, and the enamel pan were further rinsed with DI water between dissections to
eliminate cross contamination (McNeish et al. 2018).
Sediment samples from specimen containers (approximately 50 mL of sample per
container) were transferred onto sieves using clean forceps and DI water. We selected for
particles with the size of 0.3-1.0 mm by stacking three sieves together to process the sediment
samples. The top sieve was 4.75 mm, middle sieve 1.00 mm, and bottom sieve 0.30 mm. Large
particles from the top and middle sieves were rinsed with DI water three times to make sure any
microplastic adhering to the surface would be accounted for. The DI rinsed sediment that
remained in the top and middle sieves were discarded. Sediment in the bottom sieve were
collected and transferred into acid-washed glass jars using pre-cleaned forceps, and rinsing
contents into jars with filtered DI water. Glass jars were immediately covered with aluminum
foil after sample transfer.
All fish digestive tissue and sediment samples in glass jars followed the same procedure
of drying, digestion, and filtration. Glass jars with sediment or fish digestive tissue were dried at
75°C for 24-48 hours (1320 Economy Oven, VWR, Radnor, PA, USA). Afterwards, we added
20 mL of iron sulfate catalyst (0.05 M Fe(II)) and 20 mL of 30% H2O2, and placed jars on hot
plate at 70°C. To agitate the contents for digestion, we placed a stir-bar (pre-rinsed with filtered
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DI water) in the jar. Throughout each digestion, we added additional 30% H2O2 in increments of
20 mL until the solution was clear of particulates. Each sample was digested for approximately
15-20 minutes. Wet peroxide oxidation is effective in removing organic material and does not
affect the integrity of microplastic (Lusher et al. 2017). Digested fluids were vacuum filtered
onto gridded glass fiber filters (0.45µm pore size; Whatman, GE Healthcare, Germany). Finally,
we filtered water samples directly onto gridded filters, with no digestion or sieving process
(McNeish et al. 2018). All filters were immediately placed into 20 mL aluminum weighing
dishes, covered with foil, and dried at 30°C for 4-24 hours (Thermo Fisher Scientific Incubator,
Marietta, OH, USA).
Microplastic particles on all filters were visually identified using a dissecting microscope
(25-30x magnification) (Model ASZ30L3, Bausch & Lomb, USA). We planned to categorize
microplastic by morphotype (fragment, fiber, pellet, bead, foam) (Lusher et al. 2017). However,
the only microplastic morphotype in all of our fish, bulk water, and sediment samples were
fibers. We recorded the color of all fibers found in samples (McNeish et al. 2018).
Laboratory controls
To account for laboratory microplastic contamination, we performed digestion and filter
controls (n = 12). Empty acid-washed glass jars underwent the same wet peroxide oxidation
procedures as other samples. We rinsed the filtration apparatus with identical filtered DI water
and filtered liquid onto glass fiber filters and examined under the dissecting microscope
(McNeish et al. 2018). Microplastic on control filters were identified and processed as described
above. Microplastic contamination (mean ±SE No. filter-1) was 2.5 (±0.7) fibers for digestion
and filter controls, similar to previous work (McCormick et al. 2016, Hoellein et al. 2017,
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McNeish et al. 2018). For conservative estimates, we corrected the number of fibers found on
each fish, bulk water, and sediment filter by removing a count of 3 fibers from the total.
Particle chemical characterization
We selected a subsample of microplastic fibers to measure chemical composition using
Raman spectroscopy. For fish, bulk water, and sediment samples, we randomly selected and
removed 1-4 fibers from each sample filter where the total fiber count was not equal to zero after
microplastic count correction (based on laboratory controls). In addition, we randomly selected
1-3 fibers from each control filter and each of the filters for fish collected before 1950. A total of
484 fibers were counted for the entire project, and we randomly collected 271 fibers during this
process (56%). Using an ocular micrometer, we measured and length (mm) of all 271 randomly
selected fibers. The fibers were removed from the filters using pre-cleaned forceps and
transferred onto a piece of clear, double-sided, Scotch tape. Using a permanent marker, we drew
a circle around each fiber, as well as sample ID number. The tape was placed in clean glass petri
dishes for later polymer analyses using Raman spectroscopy.
Fiber polymer types were analyzed via spectroscopy using an XploRA Plus Raman
spectrometer (Horiba Scientific) with a cooled charge-coupled device (CCD) detector. We
selected a subsample of these fibers (N = 96) for analysis, which represented a complete set of at
least 2-3 fibers from the fish species in the study, from each decade (1900 – 2018), and it also
included fibers from 2018 water and sediment samples, as well as laboratory controls. We used
the LabSpec 6 software (v.6.5.1) to operate the spectrometer. An incident laser of a known
wavelength (532 nm or 785 nm) was used in Raman spectroscopy to generate a spectrum for
each particle. Spectra were recorded using gratings of 600 grooves/nm or 1200 grooves/nm, a
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confocal hole width of 300 µm and a 100 µm slit. We compared the resulting spectra to a
reference library. Peaks that corresponded to various functional groups in the spectra were
compared to peaks in the reference spectra and assessed based on position on the Raman shift
and intensity of the peaks, allowing for the identification of polymer types. Particles where
polymer types were not detected, but dyes or resins were detected were categorized as
anthropogenic materials.
Data analyses
To determine whether there was a pattern in microplastic concentration (No. fish-1, No. g
fish-1) in fish over time, we conducted linear regression analyses. A linear regression analysis
was also used to determine the relationship between the number of polymer types detected in fish
samples and time (1950 – 2018). We used a one-way ANOVA to compare the microplastic
concentration among the three sites for fish water, and sediment collected in 2018. Following a
significant ANOVA we used Tukey’s Multiple Comparisons Test to determine differences
among sites. We used Pearson's correlation to determine the degree of association between the
microplastic concentrations in fish vs the water and sediment for each study site. Finally, a twoway ANOVA was used to compare the fiber length (mm) in fish and environmental samples
collected in 2018 among sites. We checked if datasets met the normality and homoscedasticity
assumptions of ANOVA and linear regression, and used transformations where needed. All
analyses were completed using the SYSTAT statistical program (SYSTAT, Chicago, IL, USA).
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Results
Microplastic concentration in fish
A total of 122 fish, across 4 species collected from the years 1900 – 2018 were examined
for microplastic. We observed no microplastic in the digestive tract of fish prior to the 1950’s
(Figure 3A). Beginning in the 1950’s, sand shiner and largemouth bass had a microplastic mean
(±SE) concentration of 0.20 (±0.20) and 1.40 (±0.75) particles fish-1, respectively. The first
observation of microplastic in channel catfish was in samples collected in the 1960’s, which
showed a mean of 0.40 (±0.24) particles fish-1. Round gobies began invading the Great Lakes
during the 1990’s, and the microplastic concentration of round goby samples from the 1990’s
was 1.20 (±0.80) microplastic particles fish-1. In the specimens from the 2010's, largemouth bass,
channel catfish, and round goby had a microplastic concentration of 7.00, 6.00, and 1.73 (±0.24)
microplastic particles fish-1, respectively. Contemporary fish samples collected in 2018 show that
the microplastic concentration for sand shiner, largemouth bass, and round goby was 5.17
(±0.98), 2.50 (±0.76), and 2.06 (±0.52) microplastic particles fish-1, respectively.
We also examined the temporal patterns for microplastic when quantified as the number
particles per gram of fish. Similar to patterns observed above (i.e., No. particles fish-1; Figure
3A), there was high variability from 1950’s – present (Figure 4A). In 1900, 1950, 2000, and
2018, there was an average of 0, 0.11 (±0.06), 1.85 (±1.30), and 0.59 (±0.23) microplastic
particles g-1, respectively.
We used linear regression to quantify the pattern of microplastic concentration (No.
individual-1) over time among the fish taxa, starting from mid-century to present. For each
species individually, we found a significant relationship between microplastic concentration fish-
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and time only for channel catfish (r2 = 0.907, p = 0.003), while the patterns for the others were

not significant (Table 1; Figure 3A). When we considered the temporal trend with all fish
averaged together, we also observed a significant increase over time (r2 = 0.719, p = 0.008)
(Table 1; Figure 3B). The slope of this equation is 0.049 particles/year, suggesting an average
increase of 0.5 particles/decade. Finally, we examined the temporal trends for microplastic
abundance per gram of fish for each species and across all species over time and found no
significant relationships (Table 1; Figure 4).
Microplastic concentration in 2018 fish and environmental samples
Fish, water, and sediment samples were collected in 2018 at Hickory, Brewster, and
Calumet. There was a significant difference in microplastic concentration in fish (ANOVA, p =
0.041) and sediment (ANOVA, p = 0.017), but no difference in water (ANOVA, p = 0.109)
among the three sites (Table 2). Fish collected from Hickory Creek had significantly higher
microplastic concentration (5.17±0.98 particles fish-1), than from fish from Calumet (2.06±0.52
microplastic particles fish-1), while fish in Brewster Creek were intermediate (Figure 5A).
Similarly, sediment collected from Hickory Creek also had significantly higher microplastic
concentration (830±150 microplastic particles L-1), compared to Brewster (330±170 microplastic
particles L-1) and Calumet (307±56 microplastic particles L-1). There was no correlation between
the microplastic concentration in fish, water (r2 = -0.916, p = 0.263), and sediment (r2 = 0.996, p
= 0.059) from the three sites. However, we note the correlation between sediment and fish
concentrations suggests a trend that may be ecologically meaningful.
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Fiber color abundance
We examined relative proportion of fiber colors among samples. Across all fish, water,
and sediment samples, the most dominant fiber colors are blue, clear, and black (Figure 6). The
patterns for color abundance in control samples showed clear contrasts to those from
environmental samples. By far, the most dominant fiber colors found in controls were clear
(72.7%), to a greater extent than any of the environmental samples. We also noted blue (15.2%),
and blue/clear (9.1%) in controls and environmental samples. Fiber colors such as orange, green,
and purple were relatively uncommon in environmental samples, and were not found in any
control filters (Figure 6C).
Fiber length
The average fiber size in fish, sediment, and water samples collected in 2018 was
between 1- 2 mm (Figure 7). At Hickory, the fiber lengths for fish, sediment, and water were
1.60 (±0.22), 1.77 (±0.07), and 1.92 (±0.19) mm, respectively. The fiber length for fish,
sediment, and water collected from Brewster were 1.70 (±0.48), 1.55 (±0.12), and 1.51 (±0.08)
mm, respectively. Fish, sediment, and water collected from Calumet had an average fiber length
of 1.23 (±0.16), 1.77 (±0.09), and 1.27 (±0.06) mm, respectively. There was no significant
difference in fiber size when comparing fish, sediment, and water samples (p = 0.432), or among
the three sites (p = 0.271; Figure 7). The average length of fibers from controls was 1.74±0.42
mm.
Fiber polymer type
In our fish samples from 1950 – 2018, we observed high variability for polymer type over
time, and there were no distinct patterns among years or species. We documented a wide range
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of polymer types: anthropogenic (cellulosic), anthropogenic (synthetic), anthropogenic
(unknown), cellulose acetate, cellulose, nylon, polyacrylonitrile, polyester, polyurethane,
polyacrylamide, and unknown (Figure 8). Anthropogenic (unknown) was relatively common
throughout all fish species and time. We observed a trend of a greater variety of polymer types in
samples over time (Figure 10), however, we note the linear regression of the number of polymer
types over time was not significant (r2 = 0.236, p = 0.269; Figure 10).
From the 2018 fish, water, and sediment samples, we found a high variability in polymer
types (Figure 9). Sediment samples contained more anthropogenic fibers compared to water
samples. In comparison to sediment samples, water samples had more fibers made of cellulosic
material (Figure 9).
The pattern for polymer types in controls was distinct from environmental samples. Fiber
polymer types found in our controls consisted of anthropogenic (cellulose), anthropogenic
(unknown), cellulose, polyacrylonitrile, and polyester. We did not find fibers made of
anthropogenic (synthetic), cellulose acetate, nylon, polyurethane, polyacrylamide, or unknown
polymer types in our control samples (Figure 8, Figure 9).
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Fig 3. Mean (±SEM) microplastic concentration per fish species from 1900 – 2018 according to
(A) each species individually and (B), the average across all four species.
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Fig 4. Mean (±SEM) microplastic concentration (No./g fish) from 1900 – 2018 for (A) each
species individually and (B), the average across all four species.
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Table 1. Regression results of microplastic concentration in fish from 1950 – 2018. * indicate
results after square root transformation. ** indicate no transformations could meet normal
distribution.

R2

p-value

0.301

0.202

Sand shiner

y = 0.049x – 95.96
y = 0.052 – 101.60

0.507

0.112

Channel catfish

y = 0.089x – 173.55

0.907

0.003

Round goby

y = 0.027x – 51.67

0.806

0.102

Average

y = 0.049x – 95.30

0.719

0.008

Source

Equation

Number per fish
Largemouth bass

Number per gram fish
Largemouth bass

y = 0.006x – 12.22 *

0.118 *

0.451 *

Sand shiner

y = 0.027x – 51.32 **

0.101 **

0.540 **

Channel catfish

y = 0.020x – 38.27

0.524

0.104

Round goby

y = 0.025x – 49.04

0.100

0.684

Average

y = 0.011x – 21.65

0.254

0.203

Table 2. One-way ANOVA results of microplastic concentration in fish, water, and sediment
samples collected in 2018. * indicate results after square root transformation.

Source
Fish
Sediment
Water

SS
6.0 *

df

MS

F-Ratio

p-value

2*

3.0 *

3.624 *

0.041 *

429306.7

2

214653.3

7.692

0.017

13.2

2

6.6

4.066

0.109
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Fig 5. Mean (±SE) microplastic concentration in (A) fish, (B) sediment, and (C) water, collected
in 2018 from Hickory Creek, Brewster Creek, and Calumet Park. Lower case letter indicates
significant difference among sites as shown by Tukey’s test following a significant 1-way
ANOVA.

Fig 6. Relative fiber color abundance in water (A), sediment (B), and fish and control (C) samples collected from Hickory Creek,
Brewster Creek, and Calumet Park in summer 2018. Relative fiber color abundance in fish samples from 1900-2018 (D).
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Fig 7. Mean (±SE) fiber length (mm) in fish, water, and sediment samples collected from
Hickory Creek, Brewster Creek, and Calumet Park in summer 2018. Sand shiner, largemouth
bass, and round goby were collected from Hickory Creek, Brewster Creek, and Calumet Park,
respectively.

Fig 8. Proportion of fiber polymer type found in all fish samples from 1950 – 2018, and laboratory digest control.
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Fig 9. Proportion of fiber polymer type found in each species of fish (sand shiner, largemouth bass, and round goby) from 2018, and
water, sediment, and laboratory digest control samples. Sand shiner, largemouth bass, and round goby were collected from Hickory
Creek, Brewster Creek, and Calumet Park, respectively.
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Fig 10. Number of polymer types detected in fish samples from 1950 – 2018.
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Discussion
Examining the patterns of microplastic concentration in organisms over time is critical to
understand historical patterns in plastic litter and make predictions about future trends. Most
microplastic research has focused on marine environments, including previous assessments of
historical microplastic patterns. Sediment cores show that microplastic concentrations in the
environment have increased since the 1950’s (Matsuguma et al. 2017, Turner et al. 2019). In
contrast, deep-sea benthic invertebrates from the North East Atlantic and planktivorous fish from
the Baltic Sea, showed microplastic ingestion by organisms is constant over time (Beer et al.
2018, Courtene-Jones et al. 2019). To our knowledge, this is the first study which has examined
historical microplastic patterns in freshwater organisms. These data will be critical for
understanding the trends of microplastic abundance in critical freshwater ecosystems.
Microplastic concentration in fish (1900 – 2018)
We documented the historical patterns of microplastic ingestion by freshwater fish from
1900 – 2018 and the results showed two clear stages, prior to 1950 (no microplastic in fish
specimens), and after 1950 (a linear increase in microplastic in fish). The results were consistent
with our expectations. That is, plastic production was low prior to 1950 when pace of invention
and manufacturing of plastic polymers was in early development. Plastic production became
industrialized only after the 1950’s (Geyer et al. 2017, Worm et al. 2017), which is when plastic
pollution would also be expected to increase in the environment.
The overall pattern of a linear increase in microplastic in fish specimens after 1950 also
followed our predictions, however, we note the variation among the four species and individual
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time points was unexpectedly high. The increase in microplastic concentration per fish from
1950 – 2018 was statistically significant when the values from the four species were averaged,
and when species were considered individually, only for channel catfish. In addition to a
significant linear increase over time, channel catfish had the highest mean microplastic
concentration relative to the other fish. We attribute some variation among species to specimen
size and habitat. Catfish feed in fine particulate organic matter at the stream benthos, which is
where microplastic accumulates in high numbers (Hoellein et al. 2017, Hoellein et al. 2019). Fish
body size could explain the discrepancy in microplastic concentration. Since the majority of our
catfish specimens were larger compared to the zoobenthivore species (i.e., round goby and
juvenile largemouth bass), we suspect this influenced the magnitude in microplastic
concentration change over time.
Previous work suggests that more predatory fish contain higher microplastic
concentrations (McNeish et al. 2018), however, our results did not offer support for this pattern.
The channel catfish and sand shiner are classified as omnivores, where the catfish consume
mostly detritus, insects, and crayfish and the shiner eats benthic particulate organic matter and
aquatic insects (CABI 2018). Round goby and juvenile largemouth bass are zoobenthivores,
which feed on benthic invertebrates and mollusks (goby only) (CABI 2018). Our results showed
that round goby and bass had the lowest microplastic concentrations in 2000 and 2018, compared
to catfish and shiner. Microplastic concentration in catfish was consistently higher than the other
species beginning in 1970. In contrast with our results, McNeish et al. (2018) showed that
predator-oriented fish, such as zoobenthivores (round goby and bass), had more microplastic
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compared to detritivores and omnivores (shiner). However, that study included 11 fish species,
and did not record microplastic in catfish of any kind. Finally, we note that there was high
variation in microplastic concentration among all individuals of each of the species. Thus, the
higher number of replicates on each date was obtained by considering mean values for all
species. This approach sustained greater statistical power for determining the temporal pattern
among the naturally occurring, in situ variation of microplastic concentration among species of a
variety of habitat types, locations, and trophic levels over a relatively long period of time.
Our study is the first to examine the change in microplastic concentration in freshwater
fish and to include data from over a century of specimen collection (1900 – 2018), although
some other studies have reported similar historical patterns in other ecosystems and habitats.
Matsugama et al. (2017) used sediment cores (1880’s – 2000’s) from saltwater environments in
Japan, Thailand, Malaysia, and South Africa to show that microplastic concentration has
increased significantly since the 1950’s. For example, from the Sakurada-bori Moat site in Japan,
there were 0 microplastic pieces/kg-dry sediment before 1900, ~1100 microplastic pieces/kg-dry
sediment by 1950’s, and ~7000 microplastic pieces/kg-dry sediment by early 2000’s
(Matsugama et al. 2017). Turner et al. (2019) wanted to study how the temporal patterns of
microplastic in sediment changed over time, and also found an increased abundance in
microplastic particles from more recent sediment layers (1960’s – present) from urban lake
sediment cores in London. These trends align with the patterns shown in our results and covers
pre- and post-plastic industrialization time periods that span many decades.
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To our knowledge, only two published studies have measured the change in microplastic
concentration within organisms over time, and the results do not show the same clarity as the
patterns reported in this study or the published values from sediments described above
(Matsugama et al. 2017, Turner et al. 2019). Courtene-Jones et al. (2019) found there were no
significant differences in microplastic concentration in echinoderms (Ophiomusium lymani and
Hymenaster pellucidus) from specimens collected in the North East Atlantic Ocean between
1976 – 1994 and 2014 – 2015. The authors reported mostly fragments were found in the
echinoderms, and the most common polymer types were polyamide and polyester (CourteneJones et al. 2019). Beer et al. (2018) analyzed Clupea harengus (Atlantic herring) and Sprattus
sprattus (European sprat) from specimens collected in the Bornholm Basin of the Baltic Sea
from 1987 – 2015, and found no significant differences in microplastic concentration over time.
Fibers dominated the microplastic particles found in the marine fish (Beer et al. 2018).
The reasons that we noted a change in microplastic in freshwater fish over time, but the
same trend has not yet been reported for marine organisms could be attributed to microplastic
dilution and proximity to litter sources. In freshwater ecosystems, there is lower water volume to
surface water area ratio compared to marine ecosystems (McNeish et al. 2018). The increase in
microplastic concentration over time in marine ecosystems may be more subtle in oceans
because of a dilution effect. In addition, differences in the pattern of microplastic concentration
in historical specimens between freshwater fish and marine organisms could also attributed to the
proximity to urban areas and associated sources of plastic. Freshwater ecosystems receive inputs
of microplastic particles of varying morphotype, size, and color, from point sources such as local
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wastewater treatment plants (WWTP) (McCormick et al. 2016) and non-point sources such
overland flow (Rochman et al. 2019) and atmospheric deposition (Dris et al. 2018). For example,
Hoellein et al. (2017) noted that surface water and benthic microplastic concentrations were the
highest at sites downstream of WWTPs, and microplastic tends to be more abundant in benthic
sediment compared to the water column. Similarly, rivers downstream of areas with high
population densities and heavy urbanization in Japan had higher microplastic abundance than
areas with lower population densities and urban ratios (Kataoka et al. 2019). Fish in streams and
rivers may be more likely to encounter microplastic given the smaller water volume and habitat
area compared to marine organisms. Thus, microplastic in freshwater organisms might offer a
clearer indicator of microplastic concentrations in the environment relative to marine organisms.
Testing this hypothesis will require additional analyses of historical specimens from a greater
diversity of marine and freshwater ecosystems.
Microplastic concentration in contemporary fish, water, and sediment
Compared to previous studies on microplastic concentration in fish and water samples
from urban areas in the same region, our concentrations were lower. Microplastic concentration
in our fish samples ranged from 2 – 5 microplastic particles fish-1 and water samples from 5.5 – 9
microplastic particles liter-1. This range was lower compared to a previous study at the nearby
Milwaukee River (WI, USA), an urban site with an average of approximately 10 particles fish-1
and 30 particles liter-1 in the water column (McNeish et al. 2018). The number of microplastic
particles in our fish and water samples may have been lower due to differences in fish species,
site characteristics, and seasonality. Our study looked at juvenile–adult catfish (larger omnivore),
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but McNeish et al. (2018) study did not cover catfish species. Our sampling was also conducted
in the middle of small urban streams, not near the mouth of tributaries that flowed into large
lakes.
Our 2018 sample collections were completed on a single date, but previous work suggests
variability according to seasonality, which may affect comparison of our microplastic results to
the data in McNeish et al. (2018). Rodrigues et al. (2018) demonstrated that microplastic
concentration in surface water collected from the Antuã River in Portugal was higher in October
(fall) compared to March (Spring). Barrows et al. (2018) found microplastic concentration in
surface water collected from the Gallatin Watershed in Montana and Wyoming to be the highest
in March (spring) and lowest in June (summer). These differences may be a result of
environmental factors, such as water currents and topography (Castañeda et al. 2014).
Differences in seasonal distribution patterns of microplastic could have also influenced the
number of microplastic particles found in our fish and water samples.
In contrast to the water column microplastic concentrations, microplastic abundance in
the sediment was similar to other studies from the region. Microplastic concentration in our
sediment samples ranged from 300 – 800 microplastic particles liter-1 and was comparable to
results from the North Shore Channel in Wilmette, IL, which found 36 – 1613 particles liter-1
(Hoellein et al. 2017). Our results aligned with other studies because we sampled in urban areas,
using similar sediment sampling and processing methods. However, our data did not encompass
as large of a range of Hoellein et al. (2017), as that study was designed to capture spatial
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heterogeneity in sediment microplastic, whereas our collection was conducted to generate a
single estimate of sediment microplastic at the fish collection sites.
We compared the microplastic concentration in fish, water, and sediment collected at 3
study sites in 2018 to investigate whether the microplastic found in fish was correlated more
strongly to the concentration in water or the sediment. However, there was no correlation
between the microplastic concentration in fish and water, or between fish and sediment samples.
In addition, we found no significant difference in the microplastic concentration in water among
sites. Although we noted that Hickory Creek had significantly higher microplastic for fish and
sediment (Figure 3, Table 2). We attributed this result to the capacity for sediment to act as a
sink for microplastic in freshwaters (Castañeda et al. 2014, Hoellein et al. 2017, Hoellein et al.
2019). Vianello et al. (2013) showed that sites with lower hydrodynamism (i.e., less flow, more
confined) tend to have higher microplastic concentration in the sediment. Our finding suggests
there might be a closer relationship between microplastic concentration in fish and the sediment
than in water. Thus, patterns of microplastic in fish may be useful for a qualitative evaluation of
the microplastic concentration in sediment from corresponding sites. We acknowledge these
simple correlations are conducted across a low number of sites, but suggest the pattern merits
more robust assessment over a larger range of conditions. Future analyses could document
comparisons among the water column, sediment, and food web concentrations and thereby reveal
which pool of microplastic might be the best 'indicator' of current microplastic pollution levels in
streams.
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Microplastic characterization
All of the microplastic particles found in our fish, water, sediment, and laboratory control
samples were fibers. This aligns with previous studies where fibers are the dominant microplastic
morphotype found in fish, surface water, benthic sediment, and control samples (Hoellein et al.
2017, Barrows et al. 2018, McNeish et al. 2018). Most of the fibers in our samples were 1-2 mm
long, which is consistent with previous work from rivers in the region (McNeish et al. 2018). We
expected to find mostly fibers in our samples as other studies have noted streams are commonly
contaminated with microplastic fibers (Browne et al. 2011, Gewert et al. 2017, Miller et al. 2017,
Barrows et al. 2018). The major sources of microplastic fibers include WWTP effluent
contaminated with fibers from laundry (Browne et al. 2011, Hoellein et al. 2017, McNeish et al.
2018), as well as atmospheric deposition (Dris et al. 2018).
The dominant fiber colors in our fish, water, sediment, and laboratory control samples
were clear, blue, and black (Figure 4), which is similar to previous research. McNeish et al.
(2018) found the most dominant fiber colors from fish and surface water samples were also clear
and blue from Muskegon, Milwaukee, and St. Joseph sites. Barrows et al. (2018) noted 63% of
the fibers were blue or clear, and the remaining 37% were other colored fibers. Gewert et al.
(2018) conducted a study in the Baltic Sea and also found blue to be a dominant fiber color. A
possible explanation for not finding more vibrant colored fibers (i.e., yellow, orange, red, green,
purple) that are common in clothing, carpet, and other textiles could be leeching of dyes via
photodegradation, hydrolysis, biodegradation, and other degradation processes (Andrady et al.
2011). Thus, some colors of microplastic may serve as an indicator of environmental age.
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However, these will vary according to specific dyes and polymer types, and will require more
experimental assessments in future studies.
We found a wide variety of microplastic polymer types from our fish samples (1950 –
2018). From 1950 – 1980, we found four polymer types: anthropogenic (unknown), cellulose
acetate, polyacrylamide, and polyester. From 1990 – 2018, we did not find any polyacrylamide
fibers, but we found seven additional polymer types: anthropogenic (cellulosic), anthropogenic
(synthetic), cellulose, nylon, polyacrylonitrile, polyurethane, and unknown. Cellulose acetate is a
biodegradable anthropogenic material derived from wood pulp or cotton, found in textiles and
film (AZoM 2002). Polyacrylamide is a water-soluble molecule made from acrylamide,
commonly used as a flocculant to treat wastewater (Xiong et al. 2018). Polyester is formed from
dicarboxylic acid and diol, and can be used to manufacture clothing, bedding, and beverage
bottles. Nylon or polyamide are made up of repeating amide (-CO-NH-) segments, commonly
found in textiles, food packaging, and film. Polyacylonitrile is commonly used in co-polymers
with fabrics for clothing, shoes, and soft-tops of convertible cars. Polyurethane is found in a
variety of items ranging from cushions, electrical equipment, to building panels (Center for
Industry Education Collaboration 2016). Overall, the temporal patterns in plastic polymer types
are consistent with diversity of plastic polymers typically found in consumer products and in
plastic litter (Zalasiewicz et al. 2019).
Of the identifiable polymer types, polyester was the most consistent and commonly
occurring over time covered in our dataset (Figure 6). It is not surprising that polyester was
found in 5 out of the 7 decades examined because polyester is known to be one of the most

41
widespread microplastic contaminants in the environment (Courtene-Jones et al. 2019), with
approximately 700 metric tons produced from 1950 – 2015 (Geyer et al. 2017). Our findings
may also suggest that anthropogenic input from WWTP effluent is a major source of
microplastic fibers to urban watersheds.
Microplastic contamination
Microplastic particles from laboratory controls were distinctively different from fish,
water, and sediment samples in concentration, color, and polymer type abundance. Microplastic
concentration for controls were approximately 2.5 fibers filter-1, which is similar to McNeish et
al. (2018) results, with a range of 2-4 fibers filter-1. Also, in agreement with previous research,
the majority of the fibers in our control samples were clear (McNeish et al. 2018). Our controls
also only had 5 out of the 11 total polymer types detected in the fish, water, and sediment
samples (Figure 6). The data show that research on microplastic strongly benefits from a careful
and studious attention to contamination. We suggest that future research report contamination
patterns alongside environment sample results, which supports confidence in results and will
ultimately assist researchers in reducing and removing contamination.
Conclusion and future studies
Microplastic concentration in fish from the Chicago region has increased significantly
from 1950 – 2018, which aligns with the increased rate of plastic use and production over that
time period. Results suggest we may be able to use microplastic concentrations in fish from
relatively small, urbanized freshwater ecosystems to estimate historical patterns and predict
levels of future microplastic pollution. Understanding the patterns of historical microplastic
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concentration in fish is needed to quantify how microplastic moves through aquatic
environments. More research is also needed to investigate the relationship between watershed
land-use and microplastic concentrations in fish, the capacity for freshwater fish to serve as an
indicator of plastic pollution related to marine organisms, and how fish and plastic moving
between freshwater and marine ecosystems affect overall plastic budgets. Overall, our data will
inform a greater understanding of the ecology of plastic pollution, and thereby support
management and prevention offers to reduce microplastic contaminants in our environment.

CHAPTER III
MICROPLASTIC RETENTION IN FRESHWATER FISH
Introduction
Global plastic production has accelerated since the 1950s, and plastic waste represents an
emerging pollutant of ecosystems worldwide (Jambeck et al. 2015, Geyer et al. 2017, Hoellein et
al. 2019). For example, the production of resin and plastic fibers from textiles increased from 2
million metric tons (Mt) to 380 Mt between 1950 – 2015. Total production of plastic waste from
1950 – 2015 was approximately 6300 Mt, and 60% of plastic litter has been discarded into
landfills or the environment (Geyer et al. 2017). Plastic litter has been increasing in ecosystems
worldwide because plastic is cost-effective to produce and has desirable characteristics suitable
for many purposes: durable, flexible, and light-weight (Andrady et al. 2011).
Microplastic litter (i.e., particles < 5 mm) is introduced to aquatic ecosystems through
improper waste disposal, waste-water treatment plant effluent, storm-water runoff, biosolids used
for agriculture, and aerial deposition (Dris et al. 2015, McCormick et al. 2016, Gewert et al.
2017). There are two categories of microplastics: 1) primary microplastics that are purposely
manufactured to be small (i.e., pre-production pellets and microbeads) and 2) secondary
microplastics that come from the degradation of larger plastic materials (i.e., agriculture,
construction, packaging, furniture, and textiles). Microplastics are commonly classified into the
following morphotypes: fiber and fiber bundle (from textiles), fragment, pellet (i.e., resin),
sphere and bead, film, and foam (Rochman et al. 2019).
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An important characteristic of plastic is its hydrophobicity, which affects its role as a
pollutant and its interaction with other chemicals in the natural environment. The hydrophobic
surfaces of plastic can adsorb other hydrophobic molecules suspended in water (Kim et al. 2015).
For example, hydrophobic compounds such as persistent organic pollutants (POPs) (i.e.,
polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), DDT, and metals)
are commonly found in aquatic ecosystems, sorbed to plastics (Kim et al. 2015, Rochman et al.
2019). Macro- and microplastic litter is ingested by many species of marine and freshwater
organisms (i.e., fish, shellfish, benthic invertebrates, seals, and turtles) (Moos et al. 2012, Lusher
et al. 2013, Ng et al. 2016, Courtene-Jones et al. 2019, Hernandez-Millian et al. 2019),
transferring plastics and toxic chemicals from organism to organism, throughout the food web
(Andrady et al. 2011, Peda et al. 2016, Critchell et al. 2018, McNeish et al. 2018).
Understanding the effects of microplastic ingestion on fish has been a major focus of
recent research, and has included various taxonomic groups and physiological responses. After a
chronic exposure to polyethylene microplastic pellets (i.e., 2 months), Japanese medaka (Oryzias
latipes) exhibited liver toxicity (Rochman et al. 2013). Chronic exposure to polyvinyl chloride
(PVC) microplastic pellets (i.e., 3 months) induced significant intestinal morphology changes in
European seabass (Dicentrarchus labrax) (Peda et al. 2016). Critchell et al. (2018) exposed
planktivorous reef fish (Acanthochromis polyacanthus) to polyethylene terephthalate (PET)
microplastic pellets for 1 week (acute) and 6 weeks (chronic), and found that microplastics with
a smaller particle size (< 300 um diameter) accumulated more in the gastrointestinal tract even
after a week of exposure, and negatively impacted growth and body condition. Overall

45
microplastic ingestion by fish appears to affect physiology, either by chemicals associated with
plastic or via physical damage to tissue as microplastic moves through the digestive system.
Although much recent research examines the health consequences of microplastic
ingestion on fish, it remains unclear how microplastic moves through the digestive tracts of fish.
That is, does microplastic move through the digestive system at the same speed as natural
materials, and is some amount of microplastic retained in the guts? To our knowledge, only one
study measured the rate of microplastic transit and retention in fish digestive systems. Grigorakis
et al. (2017) exposed goldfish (Carassius auratus) for 24 hours to a diet containing either
polyethylene microplastic beads or polyester microplastic fibers. In both cases, the goldfish
retained microplastics in the digestive tracts for less than 6 days after initial exposure, and no
particles became permanently stuck in the digestive tissue (Grigorakis et al. 2017). Additional
measurements of the dynamics of microplastic movement in the digestive tracts of fish are
needed because it is a critical component of how microplastic interacts with food webs, will
determine the exposure of fish to microplastic-associated chemicals, and can be used to help
assess the health of our aquatic ecosystems and organisms.
In this study, we exposed round gobies (Neogobius melanostomus) to a diet containing
acrylic microplastic fibers for a single feeding (acute) and 7 days of microplastic feeding
(chronic) to measure the rate of microplastic retention in the fishes' digestive tract. We expected
fish from the 1 day of microplastic exposure group to retain less microplastic compared to fish
from the 7 days of treatment. We also expected fish from the 7 days of microplastic exposure
group to retain microplastic for a longer period of time.
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Methods
Study fish collection
The study species we chose to study microplastic transport in fish digestive systems was
round goby (Neogobius melanostomus). Round goby is very abundant in the Great Lakes and
previous research showed round goby collected from Lake Michigan tributaries contain
microplastic fibers in their intestinal tract (McNeish et al. 2018). During summer 2018, we
collected round gobies (n = 62) using fishing rods and Lumbricus terrestris (earthworm) bait
along the sea wall at Montrose Harbor in Chicago, Illinois, USA (41°57'44.6"N 87°38'27.8"W).
Round gobies were immediately unhooked from the fishing line and transferred into buckets
with lake water.
All fish were transported to the laboratory at Loyola University Chicago. Fish were
placed in 50 x 25 x 30 cm acclimation aquaria, with 15 L of water (16 – 23 °C) treated with one
packet (850 g) of API Furan-2 powder to prevent bacterial growth on fish (Mars Fishcare,
Chalfont, PA). Each aquarium held 6-7 fish at a time. We placed ceramic tiles into the aquaria to
create spaces for fish to hide and to mimic their natural environment. Aquaria water was dechlorinated by storing tap water in reservoirs for at least 24 hours before use. We monitored the
water temperature every day, using an infrared thermometer and humidity meter (EXTECH
Instruments, Model No. 13011284). We changed the water in the acclimation aquaria every other
day by siphoning out half of the water and replacing it with clean water. Fish were fed once a
day for five days, with Glycera dibranchiata (bloodworms) food pellets, made in the laboratory.
Fish were kept in acclimation aquaria for a total of 7 days before beginning the experiments.
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Experimental design
We conducted two experiments to measure the rate of microplastic transport in round
goby digestive systems. The first experiment was an acute exposure, where we fed microplasticcontaining food pellets to fish one time, and sacrificed fish at 4, 24, and 96 hours after the
ingestion. The second experiment was a chronic exposure, fish were fed microplastic-containing
food pellets for 7 days in a row, where each day the food contained a different color of
microplastic. After the last feeding, the fish were sacrificed at 4, 24, and 72 hours. Both
experiments had parallel ‘control’ fish that were fed and sacrificed at the same time periods and
replication levels.
Food and microplastic diet preparation
All food pellets were prepared in the laboratory and designed to control the amount of
nutrition and the number of microplastic fibers included in the diet of fish. We generated
microplastic fibers by cutting acrylic yarn into 1 mm segments. To do so, we first marked 1 mm
lengths on a wooden block and created grooves using a razorblade to guide cuts (Figure 11A).
We then placed a length of yarn on the block, and wore magnifying glasses (TMANGO, Model
No. 9892B2) and gloves to cut yarn with a sterile razor blade into 1 mm sections (Hoellein et al.
2019). The cut yarn pieces were transferred into aluminum dishes and covered with foil. We
used 7 different colors of yarn in the experiment. Each color of yarn had its own groove and area
on the wooden block to avoid mixing of the different colored yarn. Between cutting different
colors, the block was scrubbed, washed with DI water, and dried. Gloves were also changed
between handling different colored yarn.
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We generated ‘control’ food pellets (no microplastic fibers) and microplastic-containing
food pellets. Food pellets were made from minced frozen bloodworms (OmegaSea, Plainesville,
OH) and crushed unsalted saltine crackers (Nabisco, East Hanover, NJ). In a clean aluminum
container, we mixed 4 cubes of bloodworms and 2 saltine crackers together to form a paste,
using an acid-washed laboratory spatula. We used the spatula and DI-water rinsed forceps to
form a pellet around 3 mm in diameter from the paste (Figure 11B). This mixture produced
approximately 80 food pellets. To make food pellets with microplastic fibers, we wore
magnifying glasses to manually count and insert of fibers into the wet paste while making food
pellets. To do so, we flattened the paste on a gloved hand and inserted fibers using forceps (mean
± SD = 35(±3.5) pieces/food pellet). The paste was carefully folded over and rolled into a pellet
with the spatula and forceps (Grigorakis et al. 2017). Food pellets were stored in foil-lined
plastic trays and covered with paper towels to dry overnight. For the 7-day microplastic
exposure, we made food pellets with different colored fibers to track the date of ingestion for
each fiber in the fish’s digestive tract (Table 3). Each batch of food pellets (i.e., 'control' pellets
and those with each yarn color) were dried on separate trays. The dried pellets were stored in
aluminum dishes and covered with foil. We made 1500 control pellets, 35 light green fiber food
pellets, and 25 food pellets for each of the following fiber colors: yellow, light blue, red, dark
green, orange, and purple.
Feeding experiments
Before starting both experiments, fish were kept in acclimation aquaria for a week (N=58
individuals). All fish were fed control food pellets for 5 days, then starved for 2 days before
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beginning the experimental feeding trial. We euthanized 10 fish using MS-222 (Tricaine-S; 0.25
g L-1) at the end of the acclimation period to examine the effectiveness of the acclimation period
in eliminating microplastic from the fish guts. We preserved to fish in 70% ethanol (McNeish et
al. 2018). The remaining fish were transferred into new, individual 25 x 17 x 20 cm aquaria for
the experimental feeding trials (Grigorakis et al. 2018). Each aquaria had a ceramic tile at the
bottom and was filled with 3.3 L of de-chlorinated water (16 – 23 °C). We monitored the water
temperature every day and changed the water in the aquaria every other day as described above.
The first experiment included 1 time feeding of microplastic-containing food pellets. Fish
from the 1-day microplastic exposure group were fed once with 1 microplastic-containing food
pellet (n = 12 fish, microplastic color = light green). We monitored each fish until they
consumed the food pellet (about 0-10 minutes) (Figure 1C). We also had a group of control fish
(n = 12) fed a single non-microplastic containing food pellet. For the microplastic and control
fish, we established 3 subgroups of individuals to be euthanized at different time points after
their last feeding. Fish were euthanized 4, 24, and 96 hours after their exposure (n = 4 fish per
subgroup). Individuals in the 96-hour group were fed a single control food pellet each day until
euthanasia. This experiment was completed between June 24, 2018 – July 5, 2018. No fish died
during this experiment.
The second experiment required feeding fish the microplastic-containing food pellets for
7 days in a row (n = 12 fish). Fish from this experiment were fed microplastic-containing food
pellets that had a different microplastic color inside each day, to track the time since fiber
ingestion (Figure 11D). Fish from the second experiment were also monitored until they
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consumed the food pellet with microplastic (within 0-10 minutes). We also maintained a group
of control fish for this experiment (n = 12), with 3 subgroups that were euthanized at different
time points after their last microplastic feeding (n = 4 fish per subgroup). Fish from the 7
sequential days of microplastic diet treatment group were euthanized 4, 24, and 72 hours after
their last exposure. We used 72 hours after last exposure rather than 96 hours (for the 1-day
exposure), because there was relatively low microplastic at 96 hours and we felt the 72-hour
sampling might offer greater accuracy into egestion rates. Fish from the 72-hour group were
given control 1 food pellet every 24 hours until euthanasia. This experiment was completed
between July 4, 2018 – July 21, 2018. We had one fish die during the acclimation period due to
fighting among the fish, and no mortality during the feeding experiment. Caretaking and
euthanasia of all fish followed protocols approved by Loyola University Chicago’s Institutional
Animal Care and Use Committee.
Fish processing and microplastic quantification
All euthanized and preserved fish were processed for microplastic in digestive tissue
according to previous research (McNeish et al. 2018). First, we measured fish length from the
mouth to the end of the caudal fin and recorded the mass for each individual (McNeish et al.
2018). Fish were dissected on a clean enamel pan, using scalpels and forceps rinsed with DI
water. Prior to cutting into the fish, the outside of each fish was rinsed with DI water to minimize
contamination. We removed the intestinal tract of each fish by cutting from the urogenital
opening to the esophagus (Lusher et al. 2013). Intestinal tracts were stored in acid-washed glass
jars and covered with foil. Using DI water, we rinsed the tools used for the dissection, and the

51
inside of the empty stomach cavity into the glass jar to avoid sample loss. Between dissecting
each fish sample, gloves were changed, and all scalpels, forceps, and enamel pans were
thoroughly rinsed with DI water to prevent cross contamination (McNeish et al. 2018).
After dissections, fish digestive tracts were dried, digested, and filtered. Fish digestive
tracts were dried in the glass jars at 75°C for 24-48 hours (1320 Economy Oven, VWR, Radnor,
PA, USA). To break down the organic material of the fish digestive tracts, we added 20 mL of
iron sulfate catalyst (0.05 M Fe(II)) and 20 mL of 30% hydrogen peroxide (H2O2) into each jar
and heated the contents (70°C) on a hot plate. Each sample was digested for 15 – 20 minutes. We
used a stir-bar to further mix and breakdown the digestive tract and added 30% H2O2 in
increments of 20 mL until the reaction was complete. Wet peroxide oxidation effectively
eliminates organic matter from samples, without impacting the recovery of the acrylic
microplastic particles (Lusher et al. 2017, Munno et al. 2018). We vacuum filtered all digested
filters onto gridded glass fiber filters (0.45µm pore size; Whatman, GE Healthcare, Germany).
Filters were transferred into 20 mL aluminum weighing dishes, covered with foil, and dried at
30°C for 4-24 hours (Thermo Fisher Scientific Incubator, Marietta, OH, USA) (McNeish et al.
2018). Using a dissecting microscope (25-30x magnification) (Model ASZ30L3, Bausch &
Lomb, USA), we identified the color and counted the number of microplastic fibers on each filter
(Figure 11D).
We processed prepared food pellets to verify the number of microplastic fibers in each
food pellet. We used the same digestion and filtering procedures described above. We included
replicates of food pellets for each of the different fiber colors used in the experiment as well as
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the controls (Table 3). Filters from these samples were examined under the dissecting
microscope as described above.
Laboratory controls
We performed digestion and filter controls to examine laboratory contamination (n = 11).
We performed digestions in empty acid-washed glass jars and filtered the fluid onto gridded
glass fiber filters. The laboratory control filters were examined for microplastic under the
dissecting microscope (McNeish et al. 2018). Laboratory microplastic contamination (mean ±SE
No. filter-1) was 1.82 (±0.48) fibers. In this experiment, the influence of contamination was
minimal. This is because we used acrylic yarn of known color and dimensions, which was easily
distinguished from any microplastic fibers already in fish digestive tissues or those that might
have been introduced via laboratory contamination. Therefore, microplastic contamination did
not interfere with our measurements or estimates of transport rates in fish digestive tissues.
Data analyses
We used the dataset to calculate the loss rate of microplastic from fish digestive tissue
(proportion of microplastic remaining fish-1) and compared rates between the 1-day and 7-days
of microplastic exposures. First, we calculated the proportion of microplastic remaining relative
to the amount ingested: [No. fibers fish-1/No. fibers pellet-1] * 100 for each individual. We
grouped 3 individual fish, one from each euthanasia time point (i.e., 4, 24, and 72 hours)
according to similarity in body mass. Fish with the smallest, 2nd smallest, medium, and largest
body mass were classified as Group 1, 2, 3, and 4, respectively. For each group, we plotted the
proportion of microplastic remaining and used an exponential decay model to calculate rate of
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microplastic loss. We took the natural log of the proportion of microplastic remaining over time
and conducted a linear regression. The slope of the line was equal to the rate of microplastic loss
per time step (hour). The slopes from each of the 4 groups per exposure represented individual
replicates. We used the average slopes from the 1-day and 7-days of microplastic diet treatment
groups to calculate the microplastic turnover time: [-1/slope]. We compared the loss rate of
microplastic fibers by fish from the 1-day and 7-days of microplastic diet treatment groups by
conducting a t-test. We also compared the loss rate of the different colors of microplastic fibers
from the 7-days of microplastic exposure using a one-way ANOVA. We used the SYSTAT
statistical program (SYSTAT, Chicago, IL, USA) for all analyses.
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Table 3. Microplastic fiber color assignment for each microplastic exposure treatment group and
feeding day.

Treatment
One day
Seven days - Day 1
Seven days - Day 2
Seven days - Day 3
Seven days - Day 4
Seven days - Day 5
Seven days - Day 6
Seven days - Day 7

Fiber Color
Light green
Light green
Yellow
Light blue
Red
Dark green
Orange
Purple

Fig 11. (A) Acrylic fibers used in making the fish food pellets. (B) Microplastic fish food pellets
used for feeding trials. (C) Goby from the one day of microplastic diet treatment and with the
food pellet in experimental aquaria at the lower left. (D) Filter showing remains of goby
intestinal tract from the 7 days of microplastic diet treatment, with three different colored fibers
from different feeding days (dark green, orange, and purple).
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Results
Microplastic retention
Our 1-day microplastic exposure experiment included measurements of microplastic
retention dynamics on 58 round gobies. After the 7-day acclimation period, microplastic
contamination was largely eliminated from the fish digestive tracts. The initial concentration of
microplastic was low at 0.40 (±0.31) microplastic particles fish-1. After the single microplastic
diet exposure, fish from Group 1 (smallest), Group 2 (second smallest), and Group 3 (medium)
had 100% of the microplastic from the food in their intestinal tract 4 hours after ingesting the
microplastic diet, while Group 4 (largest) had 77.3% microplastic remaining. 24 hours following
ingestion, fish from Group 1, Group 2, Group 3, and Group 4 had 31.8%, 13.6%, 4.6%, and
20.5% microplastic remaining, respectively. Finally, at 96 hours after exposure, fish from Group
1 had 2.3% remaining, while, fish in Groups 2, 3, and 4 had no microplastic in their digestive
tissue (Figure 12A). To calculate a rate of loss, we used an exponential decay model, where the
natural log of the proportion of microplastic remaining in fish digestive tissue was plotted over
time. Combining the mean value for fish from different body size groups, the mean microplastic
loss rate was 0.043 microplastic particles hour-1, with an average turnover time of 23.3 hours
(Table 4).
We repeated the experiment for fish across 7 sequential days of microplastic exposure to
determine if exposure time would affect the rate of microplastic retention. Fish were grouped
according to body size, like the one day of microplastic diet treatment. Fish were euthanized 4,
24, and 72 hours following their last exposure (i.e., purple fibers). We did not find any fiber
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colors that were fed to fish from day 1 – 4 of the experiment in any of the experimental fish
(Figure 14). From the seven days of microplastic diet treatment, we only found fibers from day 5
(dark green), day 6 (orange), and day 7 (purple) of feeding. The purple fibers from the last
feeding date were directly comparable to the results from the one day of microplastic diet
treatment. Four hours after exposure, fish from Group 1, Group 2, Group 3, and Group 4 had
40.0%, 77.7%, 51.8%, and 54.1% purple microplastic remaining, respectively. Fish from Group
1, Group 2, Group 3, and Group 4 had 51.7%, 75.3%, 47.1%, and 21.2% purple microplastic
remaining, 24 hours after exposure, respectively. Finally, 72 hours after exposure, fish from
Groups 1 and 2 had 0.0%, Group 3 had 4.7%, and Group 4 had 9.4% purple microplastic
remaining. The microplastic loss rate value for fish from the body size groups was 0.047
microplastic particles/hour (Table 4; Figure 13A; Figure 14).
Because we detected microplastic fibers from the day 6 (orange) and day 5 (dark green)
exposures during the measurements, we also quantified loss rates for those microplastic
exposures individually, and for all fiber types combined. For orange fibers from day 6, fish had
29.4%, 10.7%, and 1.3% microplastic remaining, 28, 48, and 96 hours after exposure to orange
fibers, respectively (Figure 13B, Figure 14). For the dark green fibers on day 5, fish had 22.4%,
4.2%, and 0% microplastic remaining, 52, 72, and 120 hours after exposure to dark green fibers,
respectively (Figure 13C, Figure 14). Using the exponential decay model for each fiber type we
found loss rates of fibers from day 6 (orange) was 0.039 microplastic particles hour-1, and loss
rate for fibers from day 5 (dark green) was 0.033 microplastic particles hour-1 (Table 4). Finally,
we combined all three different fiber colors from the seven days of microplastic diet group, and
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found the average loss rate was 0.038 microplastic particles hour-1, with an average microplastic
turnover time of 26.3 hours (Table 4).
To address our initial hypothesis, we compared the loss rates of microplastic from the 1day exposure and 7-day exposure using t-test. There was no significant difference between the
loss rate of microplastic from the one day of microplastic diet treatment (mean = -0.043, SD =
0.005) and the purple fibers from the seven days of microplastic diet treatment (mean = -0.047,
SD = 0.021) (t-test, df=4, tcrit. = 0.319, p = 0.761).
Microplastic concentration in control fish
We conducted parallel experiments using control fish that were fed food without
microplastic fibers during the 1 and 7 days of microplastic diet treatments. The control fish were
euthanized at the same time-points and analyzed for microplastic. We did not find any of the
experimental microplastic fibers in our control fish. This suggests there was no accidental
introduction or loss of microplastic from the feeding trials. Control fish from the 1 day of
microplastic diet treatment had 0.00, 0.25 (±0.25), and 0.50 (±0.50) non-experimental
microplastic particles fish-1, 4, 24, and 96 hours after feeding, respectively (Table 5). From the 7
days of microplastic diet treatment, control fish had 1.00 (±0.58), 0.25 (±025), and 0.00 nonexperimental microplastic particles fish-1, 4, 24, and 72 hours after feeding, respectively (Table
5).
Laboratory controls
We processed 11 laboratory digestion and filter controls to account for microplastic
contamination. We found 1.82 (±0.48) microplastic fibers per filter in our laboratory controls.
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The size, appearance, and color of the microplastic fibers found in the laboratory controls were
different from our experimental fibers.
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Fig 12. Fish egestion rates were calculated from the ln (proportion of microplastic remaining)
over time from the 1 day of microplastic exposure treatment for (A) each fish size group: Group
1 (smallest), Group 2 (second smallest), Group 3 (medium), and Group 4 (largest). (B) shows
the mean (±SEM) of fish from all size groups. Note the 'zero' values for Groups 2 and 3 are zero
and hidden behind the data point for Group 4 in panel A.

Fig 13. Mean (±SEM) ln (proportion of microplastic remaining) from 7 days of microplastic exposure treatment, since exposure to
fiber color (0-120 hours) for (A) purple fibers – day 7, (B) orange fibers – day 6, (C) dark green – day 5, and (D) all three fibers
combined.
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Fig 14. The right panel shows mean (±SEM) ln (proportion of microplastic remaining) since time post-death (4, 24, and 72 hours)
from the seven days of microplastic diet treatment. The left panel indicates the microplastic fiber colors the fish were exposure during
the 7- day feeding trial (light green, yellow, blue, red, dark green, orange, and purple, in days 1-7, respectively).
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Table 4. Regression results of ln (proportion of microplastic remaining) in four groups of round
gobies from 0 - 120 hours after exposure to fiber color.

Source
Equation
One day of treatment
Group 1
y = -0.036x + 4.58
y = -0.047x + 4.38
Group 2
y = -0.044x + 3.96
Group 3
y = -0.046x + 4.38
Group 4
y = -0.043x + 4.33
Average
Seven days of treatment – Purple
Group 1
y = -0.060x + 4.55
Group 2
y = -0.069x + 5.20
Group 3
y = -0.035x + 4.36
Group 4
y = -0.023x + 3.91
Average
y = -0.047x + 4.50
Seven days of treatment – Orange
Group 1
y = -0.045x + 4.46
Group 2
y = -0.049x + 4.75
Group 3
y = -0.032x + 4.77
Group 4
y = -0.030x + 2.51
Average
y = -0.039x + 4.13
Seven days of treatment - Dark green
Group 1
y = -0.037x + 4.49
Group 2
y = -0.058x + 6.91
Group 3
y = -0.038x + 4.13
Group 4
NA
Average
y = -0.033x + 3.88
Seven days of treatment - All fiber colors
y = -0.038x + 4.24
Average

R2

p-value

0.986
0.950
0.793
0.993
0.946

0.076
0.143
0.301
0.054
0.150

0.884
0.921
0.937
0.920
0.947

0.221
0.181
0.161
0.183
0.148

0.918
0.999
0.901
0.528
0.978

0.185
0.024
0.204
0.482
0.094

0.997
0.991
0.528
NA
0.919

0.033
0.062
0.482
NA
0.183

0.954

<0.0001
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Table 5. Mean (±SE) number of non-experimental microplastic fibers (i.e., contamination) found
in control fish for the 1-day and 7-day microplastic exposure study (n = 4 per group).

Time after
Other MP
exposure
(particles fish-1)
One day of microplastic treatment
4
0.00
24
0.25
96
0.50
Seven days of microplastic treatment
4
1.00
24
0.25
72
0.00

0.00
0.25
0.50
0.58
0.25
0.00
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Discussion
Microplastic presence within digestive tissue of aquatic organisms is pervasive across
ecosystems and taxonomic groups, including whales, fish, shellfish, crustaceans, and turtles
(Moos et al. 2012, Lusher et al. 2013, Rochman et al. 2015, McNeish et al. 2018, Steer 2018). A
rapidly growing field of study is developing to measure the consequences of chronic microplastic
exposure in fish in particular (Rochman et al. 2013, Peda et al. 2016, Barboza et al. et al. 2018),
however, it is unclear how long microplastic remains in a fish’s digestive tract after ingestion.
Examining the rates of microplastic retention in fish is crucial to understanding the ecological
dynamics of microplastic and the potential for sub-lethal effects on freshwater fish and their role
in food webs.
To our knowledge, there are only two studies that examined the rates of microplastic
retention in fish. A microplastic exposure study in aquaria found that after a 1-time microplastic
feeding exposure, microplastic retention in goldfish (Carassius auratus) intestines was less than
a week (Grigorakis et al. 2017). Another study dispersed microplastic particles in aquaria and
examined the rate of microplastic accumulation on the gills of zebrafish (Danio rerio) after a 6
and 24-hour exposure (Batel et al. 2018). Batel et al. (2018) found no relationship between
microplastic exposure time and the rate of accumulation. Our study was the first to quantify rates
of microplastic transport rates in freshwater fish intestines after acute and chronic microplastic
exposure. These data are needed to inform models on microplastic movement through food webs
and freshwater ecosystems.
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Microplastic retention in fish
We conducted an acute exposure of microplastic (i.e., 1-time feeding) to round gobies
(Neogobius melanostomus) in our aquaria experiment and found microplastic retention is less
than 96 hours (4 days), with an average turnover time of 23.3 hours, which was in accordance
with our expectations. Our results were similar in time scale to Grigorakis et al. (2017), which
showed that adult goldfish (Carassius auratus) fed microplastic beads or fibers for 1 day did not
retain any microplastic particles for more than 140 hours (6 days). The data from both projects
suggest that following a single exposure of microplastic diet, all fibers were eliminated, likely
moved through the digestive system by subsequent feeding of control (i.e., non-microplastic
containing) food in the days after microplastic ingestion.
We also conducted a chronic microplastic exposure (i.e., 7 sequential days of
microplastic-containing food) to compare the rate of microplastic egestion in round gobies
relative to a single exposure. We expected fish with chronic exposure to retain microplastic for a
longer period of time compared to fish from the acute microplastic experiment. In contrast, our
results suggested that microplastic retention in fish from the chronic microplastic experiment was
similar (< 96 hours, mean retention time of 26.3 hours) to fish from the 1-day exposure
microplastic experiment. Similar results were found when zebrafish were exposed to
microplastic particles dispersed in the water for either 6 or 24 hours, where exposure time did not
impact the accumulation of microplastic on fish gills (Batel et al. 2018). Overall, we note little
interaction in the microplastic ingested over a series of several days, and the plastic particles
were processed through the digestive system in the same fashion, regardless of the duration of
exposure.
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We suggest several reasons why there was no difference in microplastic retention
between acute and chronic exposure experiments, and why no microplastic fiber retention was
observed beyond 4-6 days. First, the short microplastic retention time may have been due to the
microplastic shape (i.e., fibers). Grigorakis et al. (2017) found that the rate of loss of
microplastic fibers was slightly faster (slope: 0.96 ± 0.09) than the rate of loss of microplastic
beads (slope: 0.94 ± 0.04). It is possible that different microplastic types would be retained in the
intestines for longer, as has been demonstrated for microplastic retention rates in streams
(Hoellein et al. 2019). Another contributing factor to total microplastic elimination within 4-6
days could be that the fish were eating 'control' food each day after their last microplastic
exposure. The control food entering the fish may have accelerated the egestion of existing
stomach contents (i.e. previous microplastic food) compared to fish in situ, which may not eat as
regular and high-quality diets. Finally, the morphology of the fish gastrointestinal (GI) tract may
affect the rate of microplastic retention. GI tract morphology varies among different fish species
and can change according to an individual's developmental stage (Ray et al. 2014). For example,
predatory fish (i.e. zoobenthivores) tend to have shorter intestines, herbivorous and detritivorous
fish have longer intestines that are heavily coiled, and omnivorous fish have average length
intestines. The longer intestines in herbivorous and detritivorous fish extends digestion time,
allowing for breakdown and egestion of complex plant polymers (Ray et al. 2014). The round
goby is a predator, so the retention rates measured here may be shorter than species with other
feeding strategies, but this prediction will require additional studies.
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Implications for freshwater fish as bioindicators, chemical exposure risk, and
bioaccumulation
Microplastic retention in round gobies was relatively short-term (< 96 hours) and was not
impacted by exposure duration. This suggests that when the fish were collected from the
environment and analyzed for microplastic, the majority of the microplastic particles found were
recently ingested, and may not reflect a long-term accumulation of plastic in the environment. If
the amount of microplastic in fish digestive tissue changes quickly with the amount ingested, we
infer that microplastic in fish digestive tissue could serve as a bioindicator of microplastic
pollution at the time of their collection. This has also been suggested for other species. For
example, the intestines of 13 gray seals (Halichoerus grypus) from the coast of Ireland were
examined for microplastic and a total of 363 microplastic particles were found across all seals
(Hernandez-Milian et al. 2019). Hernandez-Milian et al. (2019) concluded that seals which are
captured accidentally during fishing (i.e., bycatch) maybe useful as bioindicators of microplastic
concentrations in the environment because these organisms were feeding regularly prior to their
capture and are free of disease. The use of round gobies (an invasive species) and seals (from
accidental capture) as bioindicators of microplastic concentrations in the environment is a novel
and promising method for assessment of microplastic pollution. However, more study is needed
before this conclusion could be broadly applied. Researchers would need to examine the
relationship between microplastic in the environment and microplastic within an organism's
tissues, and conduct studies under conditions that span a broad gradient that takes into
consideration variation in land-use, seasonality, species (i.e., different life histories and GI
morphologies), and organism age.
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The lack of accumulation or permanent retention of microplastic in round gobies has
important implications for their exposure to plastic-associated chemicals. Microplastic particles
often have sorbed persistent organic pollutants (POPs) (i.e. polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, DDT, and metals), which can be desorbed in the anaerobic conditions
of the gut (Rochman et al. 2019). Since round gobies do not retain microplastic, this means
microplastic particles that potentially have surfaces saturated with toxic chemicals are ingested,
the chemicals may be desorbed within the gut, and the microplastic is egested over the course of
a few days. Presumably, new microplastic particles and associated chemicals are continuously
ingested and egested, which means the exposure of organisms to the sorbed chemicals could be
much higher than is reflected in the amount of microplastic in their gut on any given day. In
addition, microplastic egested from the digestive tract will enter the environment and may adsorb
new chemicals. The overall pattern is that the movement of microplastic into and out of the food
web, along with any sorbed chemicals, is a highly dynamic process, and incorporation of the
time scales of ingestion and egestion is needed to better understand the rates of exposure for
aquatic organisms to microplastic and plastic-associated chemicals.
The term bioaccumulation is often applied to chemical pollutants in aquatic ecosystems,
and refers to the acquisition and accrual of pollutants in organisms and the food web. Classic
examples of chemicals which bioaccumulate include mercury and polyaromatic hydrocarbons
(Chen et al. 2008, D’Adamo et al. 1997). It is unclear if microplastic bioaccumulates in the
environment. For this to occur, some permanent retention of microplastic in predatory organisms
would be required. For example, mercury is released into the ecosystem and forms
methylmercury. Methylmercury accumulates in phytoplankton, which is taken up by
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zooplankton (Chen et al. 2008). When a small fish consumes zooplankton, methylmercury
compounds are then transferred and stored in the muscle tissue of the fish. The chain reaction
continues when a predatory fish consumes small fish that are packed with mercury in their tissue
(Chen et al. 2008). Because we documented no permanent retention of microplastic in the study
fish, our study suggests that bioaccumulation of microplastic in the environment is unlikely.
Microplastic levels in our study organisms were most probably matched to the environmental
availability, including the amount in the water, sediment, or prey organisms. Therefore, while
microplastic may be transferred from one trophic level to another, our results do not support the
long-term retention or bioaccumulation of microplastic in the food web.
While we did not measure permanent retention of microplastic, variation in retention time
was noted among individuals in our study, which has also been documented for chemicals which
bioaccumulate. For example, Eagles-Smith et al. (2014) collected 3,098 fish (10 different
species) from estuaries in the San Francisco Bay area and found varying averages of mercury
concentrations due to different estuarine characteristics (i.e. hydrology, biogeochemistry, and
vegetation) that drive mercury cycling in an ecosystem. We suggest this concept should be
applied to the cycling of microplastics in organisms and their ecosystems, in that microplastic
concentrations fluctuate due to environmental features: flow, season, landscape,
biogeochemistry, and species inhabiting the area.
Microplastic contamination
Our samples had very limited numbers of microplastic contamination. We did not find
any experimental microplastic fibers in our control fish, meaning the experimental microplastic
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fibers were successfully quarantined and we avoided accidental introduction. In our laboratory
filter and digest controls, we only found 1.82 (±0.48) microplastic fibers filter-1. Our findings are
comparable to McNeish et al. (2018), who found 2-4 microplastic fibers filter-1. Our results show
the importance of sanitizing the experimental area and tools and taking extra precautions to avoid
microplastic contamination of samples.
Conclusion and future studies
Studies regarding the rate of microplastic retention, egestion, or permanent storage within
fish and other aquatic organisms are limited. Our results suggest microplastic fibers are passed
through the digestive system of a common and abundant freshwater fish species, regardless of
exposure duration. However, more research is needed to investigate microplastic retention by
fish with different microplastic types and across a range of environmentally-relevant
microplastic concentrations. Future studies should also consider the rate of microplastic retention
in fish based among different fish species with contrasting intestinal morphology. In addition, we
suggest retention times have important implications for the use of fish as bioindicators of
microplastic pollution, for quantifying the amount of microplastic-associated chemicals fish are
exposed to, and for understanding the capacity (or lack thereof) of microplastic to
bioaccumulate. Overall, our data can inform how microplastic moves within freshwater fish,
through freshwater environments and food webs, and will to contribute to studies which examine
the potential for microplastic particles to impact organisms’ physiology.
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